The cellular transport of the cofactor heme and its biosynthetic intermediates such as protoporphyrin IX is a complex and highly coordinated process. To investigate the molecular details of this trafficking pathway, we created a synthetic lesion in the heme biosynthetic pathway by deleting the gene HEM15 encoding the enzyme ferrochelatase in S. cerevisiae and performed a genetic suppressor screen. Cells lacking Hem15 are respiratory-defective because of an inefficient heme delivery to the mitochondria. Thus, the biogenesis of mitochondrial cytochromes is negatively affected. The suppressor screen resulted in the isolation of respiratory-competent colonies containing two distinct missense mutations in Nce102, a protein that localizes to plasma membrane invaginations designated as eisosomes. The presence of the Nce102 mutant alleles enabled formation of the mitochondrial respiratory complexes and respiratory growth in hem15⌬ cells cultured in supplemental hemin. Respiratory function in hem15⌬ cells can also be restored by the presence of a heterologous plasma membrane heme permease (HRG-4), but the mode of suppression mediated by the Nce102 mutant is more efficient. Attenuation of the endocytic pathway through deletion of the gene END3 impaired the Nce102-mediated rescue, suggesting that the Nce102 mutants lead to suppression through the yeast endocytic pathway.
Heme is an essential cofactor in eukaryotes and bacteria and functions in a myriad of pathways including oxygen transport, nitric oxide and carbon monoxide sensing, oxygenase reactions, and electron transport reactions (1) (2) (3) . The heme biosynthetic pathway in eukaryotes, including the yeast Saccharomyces cerevisiae, is a complex process involving eight enzymes (see Fig. 1A ) (4) . The process starts in the mitochondrial matrix with the condensation of glycine with succinyl-CoA to produce ∂-aminolevulinic acid (ALA) 3 by the enzyme 5-aminolevulinate synthase (Hem1 is the yeast designation) (2, 4) . ALA is translocated across the mitochondrial membranes to the cytosol, where the next four enzymes in the pathway convert two ALA molecules to form the intermediate pyrrole porphobilinogen and subsequent formation of coproporphyrinogen III, which is transported back into the mitochondria for conversion to protoporphyrin IX (PPIX). Ferrous iron is inserted into PPIX by ferrochelatase (Hem15), tethered to the inner membrane and facing the matrix, to form the heme cofactor. A defect in any of heme biosynthetic enzymes leads to one of the porphyric disorders in humans, each with a unique phenotype resulting from a buildup of toxic intermediates (3) .
The mechanism of heme transport between cellular compartments remains poorly understood (4) . Nevertheless, significant inroads have been recently made utilizing the heme auxotroph Caenorhabditis elegans, resulting in the identification of heme and porphyrin transporters, including the HRG-1-related heme transporters (4, 5) . These transporters have mammalian homologs with similar function and specificity. Additionally, the feline leukemia virus subgroup C receptor (FLVCR1) protein was reported as a heme exporter from erythroid precursor cells (6) . An additional isoform, FLVCR1b, was reported to mediate heme export from mitochondria in erythroid cell differentiation (7) . Despite these advances, the overall mechanism of intracellular transport of these tetrapyrroles remains undefined. Insoluble in water, heme will partition nonspecifically to hydrophobic proteins and membranes if left without a "carrier" to mediate transit to different cellular locations.
In the interest of exploring heme trafficking processes, we utilized a strain of S. cerevisiae lacking the terminal enzyme in heme biosynthesis, ferrochelatase encoded by HEM15, which is a heme auxotroph. This mutant strain is able to propagate by fermentation with supplemental heme, which is utilized for sterol synthesis and non-mitochondrial enzymes (8) . However, the mutant cells are incompetent for respiratory metabolism because of a non-functional respiratory chain.
We screened for spontaneous mutations of hem15⌬ cells that were able to utilize exogenous hemin (oxidized heme) to support the mitochondrial respiration function. We report on the isolation of two suppressor strains each with a single point mutation in the plasma membrane Nce102 protein. The protein is a component of the plasma membrane invagination structures called eisosomes or membrane compartment of arginine permease Can1 (MCC) (9 -12) . It has been implicated in a variety of cellular functions, including endocytosis of nutrient permeases, stress response, and control of plasma membrane transport proteins (9 -12) . Utilizing a combination of molecular genetics and analytical techniques, we highlight the importance of the endocytic pathway in restoring heme levels in the mitochondria.
Results
The Respiratory Defect in Heme Auxotrophic Cells Is Not Rescued by Exogenous Hemin-Deletion of the ferrochelatase HEM15 in S. cerevisiae results in heme auxotrophy as depicted in Fig. 1 (A and B) . The cells become fluorescent as a result of the accumulation of porphyrin. The addition of exogenous hemin (20 M) to the culture medium enables the hem15⌬ cells to ferment and propagate with glucose as a carbon source (Fig.  1C) . However, when cells are forced to utilize the mitochondrial respiratory chain by using the non-fermentable carbon sources glycerol/lactate, the cells are not viable (Fig. 1C) . This respiratory defect in the presence of exogenous hemin is also FIGURE 1. Short circuits in the heme biosynthetic pathway in respiring cells are not rescued by the addition of exogenous hemin in heme synthesisdeficient yeast mutants. A, depiction of the heme biosynthetic pathway in the yeast S. cerevisiae highlighting the first and the last in the eight steps involving 5-aminolevulinate synthase (Hem1) and ferrochelatase (Hem15). Although both enzymes are located in the mitochondrial matrix, the intermediates of heme synthesis including ALA (the product of Hem1) are routed to the exterior of the mitochondria, but for the last three steps of synthesis, they are routed back to the mitochondria. Descriptions of all eight enzymes in the heme biosynthetic pathway are provided in the text. B, deletion of either HEM1 or HEM15 creates heme auxotrophy and requires the addition of exogenous hemin that must reach the mitochondria for proper hemylation of mitochondrial cytochromes. C, WT and hem1⌬ and hem15⌬ strains were serially diluted (10ϫ dilution series) and spotted on fermentable (glucose) and non-fermentable (glycerol/lactate) medium and incubated at 30°C. D, SDS-PAGE and immunoblot analysis of purified mitochondria isolated from strains in C. E, HPLC analysis of hemes extracted from purified mitochondria from strains in C showing the decreased levels of heme b in the hem1⌬ and hem15⌬ strains. Gly/Lac, glycerol/lactate; IM, inner membrane; IMS, inner membrane space; OM, outer membrane.
observed when the gene encoding for 5-aminolevulinate synthase (HEM1) (Fig. 1C) or uroporphyrinogen decarboxylase (HEM12) was deleted (data not shown), indicating that the inability to respire in these cells is a result of the lesion in the heme biosynthetic pathway, as opposed to a loss of the specific proteins.
The respiratory growth defects of hem15⌬ and hem1⌬ cells grown in the presence of hemin are due to the absence of the mitochondrial electron chain complexes as seen by SDS-PAGE analysis of mitochondrial lysates. Steady-state levels of subunits to complex II (Sdh2), complex III (Cob, Rip1, Cyt1), and complex IV (Cox1, Cox2) were markedly diminished (Fig. 1D) . The inner membrane space heme protein cytochrome b 2 (L-lactate cytochrome c reductase) was also attenuated. For comparisons to WT levels, we analyzed cells grown in the presence and absence of hemin.
In general, the impairment in steady-state abundance of mitochondrial respiratory proteins was greater in hem15⌬ compared with hem1⌬ cells (Fig. 1D , compare Sdh2 in hem15⌬ versus hem1⌬ cells). The accumulation of the PPIX porphyrin, a pro-oxidant, in hem15⌬ cells, may contribute to the enhanced mitochondrial defect. However, both strains were markedly impaired in maturation of cytochrome c oxidase (CcO), whereas the defect in two other respiratory complexes succinate dehydrogenase (complex II) and cytochrome c reductase (complex III) was less apparent. A heme deficiency was validated by quantifying total mitochondrial heme in mutant cells relative to the WT control cells. Heme was extracted from purified mitochondria using an HCl-acetone extraction protocol followed by HPLC analysis. Heme levels in the mitochondria of both hem15⌬ and hem1⌬ cells were 3-4-fold lower compared with WT cells even when supplemented with exogenous heme (Fig. 1E) . Thus, the respiratory deficiency likely arises from inefficient delivery of exogenous heme to mitochondria.
The Respiratory Defect in hem15⌬ Cells Is Suppressed by Mutations in the Plasma Membrane Protein Nce102-In an attempt to gain insights into the inefficient transport of heme to mitochondria to support formation of respiratory complexes, we screened for extragenic compensatory suppressors by plating hem15⌬ cells at high cell density on glycerol/lactate-containing medium supplemented with 20 M exogenous hemin. The selective pressure allowed for spontaneous revertants to proliferate that could more efficiently utilize the supplemental heme for mitochondrial functions. Within 3-4 days of incubation at 30°C, colonies appeared that continued to propagate on glycerol/lactate respiratory medium.
We isolated four independent suppressor colonies and designated them S5, S15, S19, and S23 for initial characterization. Each clone exhibited significant growth on glycerol-lactate medium supplemented with hemin ( Fig. 2A) . These suppressors retained the intense cellular fluorescence arising from PPIX accumulation, indicating that the mode of suppression was not the elimination of PPIX that could generate harmful endogenous reactive oxygen species (Fig. 2B) (13) . Three suppressor strains (S5, S19, and S23) were grown for analyses of CcO activity in purified mitochondria. The three suppressors, unlike the parental hem15⌬ cells, possessed appreciable levels of CcO activities (Fig. 2C) .
Heme levels were quantified in mitochondria purified from the suppressor strains. UV-visible absorption spectroscopy was performed on detergent solubilized, purified mitochondria for the presence of cytochromes b, cytochromes c (from bc 1 and soluble cytochrome c), and cytochromes a ϩ a 3 (from CcO). The difference spectra (reduced minus oxidized) of the three suppressors revealed a restoration of ϳ50% of cytochromes b and a ϩ a 3 levels (Fig. 2D) . Remarkably, the levels of cytochrome c were restored to WT levels. For clarity, we show the spectrum only for the S19 suppressor; the spectra for the three suppressors were similar. The higher efficiency in hemylation of cytochrome c relative to CcO is likely because that Cyc1 hemylation occurs in the inner membrane space compartment, whereas Cox1 heme-mediated synthesis and hemylation with exogenous heme requires passage through the mitochondrial inner membrane.
To identify the suppressor mutation(s), we utilized deep genomic DNA sequencing technology of genomic DNA from three of the four suppressors (S5, S19, and S23). Missense mutations in the nuclear gene NCE102 were identified. The genomic DNA sequences of the three suppressors were compared with the hem15⌬ parent strain as a reference. Two of the isolates (S5 and S19) possessed mutant Nce102 with an A125E substitution, whereas the third suppressor (S23) had a mutation corresponding to a G22R substitution. Both mutations are located in putative transmembrane helices of the protein (Fig. 3A) . Sequencing identified other mutations with high read confidence in the same strains possessing the Nce102 suppressor alleles, but the hits were unique to individual isolates. For example, isolate S19 possessed a missense mutation in the gene YBR139W that encodes for a putative serine-type carboxypeptidase; however, this mutation was not identified in other isolates. Additional unique mutations appearing with high confidence reads included DYN1, SOF1, and YAL064W-B. We focused on Nce102 because the gene was mutated in all three suppressor isolates, and the sequence reads were very high in confidence. Nce102 is a tri-or tetra-spanning membrane protein that localizes to specific furrow-like domains called eisosomes or MCC on the plasma membrane (10). We generated a strain with chromosomally encoded Nce102-GFP fusion protein and verified it localized to the plasma membrane as distinct foci consistent with a localization in MCCs (Fig. 3B) . The presence of Nce102 within MCC foci was shown previously (10) . In hem15⌬ strains, the number of foci decreased, and in some replicates, the foci were completely absent. We attribute this to the known disruption of eisosome-associated proteins in cells with impaired mitochondrial function (14) . The presence of the nce102 (A125E) suppressor allele restored the distinct foci formation likely as a result of restoration mitochondrial respiration.
We took two approaches to test whether the point mutations in Nce102 were responsible for the suppression of hem15⌬ phenotype. First, we crossed each of the suppressors with WT cells and segregated spores by tetrad dissection to isolate spores bearing the nce102 suppressor allele but possessing the WT HEM15 allele (i.e. HEM15
WT nce102
Sup
) by DNA sequencing. We isolated three spores harboring the A125E Nce102 mutant and subsequently deleted the HEM15 in those clones. The resulting nNce102, hem15⌬ clones grew on glycerol/lactate medium containing heme (Fig. 3C) .
We tested whether overexpression of Nce102 A125E mutant would restore respiratory growth in hem15⌬ cells containing a WT Nce102 allele. Expression of the A125E Nce102 in hem15⌬ cells with WT chromosomal NCE102 resulted in slight but reproducible improvement in growth on glycerol/lactate compared with the strain expressing only the WT allele (Fig. 3D) . However, the growth of cells with the episomal nce102 suppressor was less robust than hem15⌬ cells with the chromosomal nce102 mutant. Thus, the Nce102 A125E mutant is only partially dominant.
To address whether the Nce102 mutants were effective in restoring respiratory growth to other heme biosynthetic FIGURE 3 . Point mutations in the plasma membrane protein Nce102 suppress the growth impairment in hem1⌬ and hem15⌬ mutants. A, topology prediction of Nce102 utilizing SOSUI with point mutations in red that are present in the isolated suppressors. B, fluorescent microscopy of Nce102-GFP expressed in WT and hem15⌬ cells cultured to mid-log phase with 40 M hemin. Nce102 is present in hem15⌬ cells but is not confined to eisosomes. C, growth test of newly constructed hem15⌬ nce102
Sup on glycerol/lactate. D, growth test of hem15⌬ cells transformed with a high copy plasmid for expressing the Nce102 or Nce102 (A125E) mutant. E, growth test of hem1⌬ strain bearing the Nce102 (A125E) suppressor allele on non-fermentable (glycerol/lactate) medium. Deletion of the NCE102 suppressor allele in this background abrogates respiratory growth. F, growth of WT and nce102⌬ cells on glucose and glycerol/lactate medium. Gly/Lac, glycerol/lactate; Glu, glucose; TM, transmembrane.
mutants, we used a haploid strain with the NCE102 suppressor allele (A125E mutant) and the WT heme biosynthetic pathway to delete HEM1. The resulting strain was respiratory-competent, unlike hem1⌬ cells that contained WT NCE102 (Fig. 3E) . The respiratory growth of the nce102 Sup hem1⌬ cells was abrogated upon deletion of the nce102 allele (Fig. 3E ). These nce102⌬,hem1⌬ cells were then transformed with either vector-borne WT NCE102 or the NCE102 suppressor allele. The presence of Nce102 A125E enabled respiratory growth unlike the WT Nce102 (Fig. 3E) . Cells lacking only Nce102 remain respiratory-competent (Fig. 3F) . The nce102 suppressor alleles are not linked to the specific loss of HEM15; rather, the suppressor mutation appears to enhance delivery of heme to the mitochondrial compartment. From here on, we describe the biochemical characterization of the chromosomal Nce102 A125E mutant.
The Nce102 Suppressor Enhances Heme Availability to Mitochondria-The marked improvements in growth and restoration of mitochondrial heme b and a pools in the suppressor strains strongly suggested that the mitochondrial respiratory complexes are partially restored. To verify this, we used purified mitochondria from the strains to quantify steady-state levels of subunits of complexes II, III, and IV by SDS-PAGE and immunoblotting. Cells expressing Nce102 A125E showed near WT restoration of subunit abundance in all three respiratory complexes (Fig. 4A) . CcO subunits Cox1 and Cox2 were significantly restored in the suppressor relative to the parent hem15⌬ cells in which the subunits were undetectable. The robust levels of Cox1 imply that the exogenous heme entered the mitochondrial matrix, because translation of Cox1 is dependent on the hemeactivated Mss51 translational activator (15) . The steady-state abundance of the intermembrane space protein Cyb2 was also restored in hem15⌬ cells containing the Nce102 suppressor.
To test whether heme in the mitochondrial matrix was limiting in hem15⌬ Nce102 A125E cells, we expressed a matrixtargeted heterologous heme-binding protein in which the protein abundance is directly correlated with heme occupancy. Human myoglobin was expressed in yeast with a Sod2 mitochondrial targeting sequence. Expression of Sod2-myoglobin in WT cells revealed specific targeting to the mitochondrial matrix (data not shown). To demonstrate the hemes dependence in protein stability, we expressed the myoglobin chimera in hem1⌬ cells that were depleted in heme but supplied with heme-dependent biosynthetic products by growing the cells in the presence of Tween (source of unsaturated fatty acids), ergosterol, and methionine (collectively referred to as Tweenergosterol-methionine (8) and verified that myoglobin targeted to the mitochondrial matrix was indeed unstable using Western blot analysis of steady-state levels of myoglobin (Fig. 4B) . The addition of ∂-aminolevulinic acid (ALA) to bypass the hem1⌬ defect restored heme levels and stabilized mitochondrial myoglobin (Fig. 4B ).
The myoglobin chimera was then expressed in hem15⌬ cells cultured in exogenous hemin, but only minimal levels of myoglobin were apparent in mitochondria from these cells (Fig. 4C) . In contrast, the presence of the suppressor allele in hem15⌬ cells restored matrix myoglobin to levels seen in WT cells. This suggests that heme levels in the mitochondrial matrix of hem15⌬ cells grown in the presence of exogenous hemin is limiting. A heme deficiency in the matrix would impair synthesis of the Cox1 subunit of CcO, because its translation is mediated by the heme-activated Mss51 translational activator (15) . These data with matrix myoglobin indicate that cells containing Nce102 A125E are able to uniformly restore heme levels and, consequently, levels of heme-dependent proteins in all mitochondrial subcompartments.
The Nce102 Suppressor Mutant Promotes Better Growth at Low Hemin Concentrations-The biochemical phenotype of the Nce102 suppressor mutant presented thus far suggests that the steady-state heme level in the mitochondria is increased relative to the parental hem15⌬ cells. We tested whether the increase in heme levels is due to an increase in efficiency of heme uptake (i.e. higher uptake rate at lower concentrations of extracellular hemin). We plated hem15⌬ and hem15⌬ nce102 suppressor cells on medium supplemented with limiting levels of hemin. With glucose as the sole carbon source and the resulting glucose attenuation of mitochondrial function, growth was similar between hem15⌬ and hem15⌬ cells expressing the Nce102 A125E suppressor with hemin concentrations between 0 and 0.8 M (Fig. 4D) . In contrast, when cells were grown on medium with raffinose as the carbon source leading to derepression of mitochondrial genes, the hem15⌬ cells bearing the Nce102 mutant exhibited enhanced growth. These data suggest that the Nce102 mutant is advantageous when the heme requirement is high.
The Heme Transporter CeHRG-4 Also Rescues hem1⌬ and hem15⌬ Cell Respiratory Growth-The C. elegans HRG-4 protein localizes to the plasma membrane and functions to import heme into worm cells (5) . Heterologous expression of this permease in yeast was shown to result in similar plasma membrane localization and import of exogenous heme into the cytosol (16) . We tested whether the expression of HRG-4 in hem1⌬ and hem15⌬ cells would restore respiratory growth to these cells when cultured on medium containing supplemental heme. Indeed, expression of HRG-4 enabled both hem1⌬ and hem15⌬ cells to propagate on glycerol/lactate medium (Fig. 5A) . Thus, respiratory growth in the heme biosynthetic mutants can be achieved either by expression of a bona fide heme permease or the eisosomal Nce102 suppressor.
To compare the effectiveness of the two import pathways, we utilized the heme-responsive Hap1 transcriptional response using the well established pCYC1-lacZ promoter-reporter fusion (17, 18) . Cells containing this Hap1-reporter construct reveal that ␤-galactosidase activity correlates with intracelluar heme levels. As expected, the ␤-galactosidase activity was very low in hem1⌬ cells grown in the presence of either 5 or 40 M exogenous hemin. This suggests that the low level of mitochondrial heme detected in hem1⌬ cells (Fig. 1E ) may arise from inefficient heme import into the cytosol. When the hem1⌬ cells contain Nce102 A125E, the level of ␤-galactosidase activity was significantly enhanced (Fig. 5B) . In comparison, hem1⌬ cells expressing the HRG-4 showed markedly higher ␤-galactosidase activities when compared with the cells containing Nce102 A125E, with levels approaching that of WT cells.
As a second test to assess whether the Nce102 suppressor enhances heme uptake, we performed a toxicity assay with the heme analog gallium PPIX in WT cells expressing either HRG-4 or Nce102 A125E and propagated on raffinose medium. Fig. 5C shows that at 10 M concentration of gallium PPIX, cells expressing either HRG-4 or Nce102 A125E showed diminished growth on plates relative to WT cells, suggesting increased toxicity of the gallium PPIX in Nce102 A125E cells, as well as HRG-4-containing cells.
We quantified CcO levels in hem15⌬ cells expressing either HRG-4 or Nce102 A125E (Fig. 5D) . The presence of HRG-4 in hem15⌬ cells led to a marked increase in CcO activity; however, the magnitude of the increase was lower compared with hem15⌬ cells bearing Nce102 A125E. The CcO activity in hem15⌬ cells with HRG-4 plasmid was ϳ50% of WT levels, whereas hem15⌬ cells bearing the Nce102 mutant was ϳ70%.
This pattern with CcO enzymatic activity paralleled the protein expression pattern of the Cox2 subunit of CcO (Fig. 5E ). In fact, Cox2 levels in hem15⌬ cells bearing the suppressor allele was comparable with WT levels, unlike in hem15⌬ cells with HRG-4. The difference in CcO activities and Cox2 steady-state levels between cells with Nce102 A125E or HRG-4 suggests that the molecular mechanism of suppression between Nce102 A125E and HRG-4 is different, and that the Nce102 mechanism involves more than simply increasing heme flux into the cells.
Depletion of the Endocytic End3 Protein Nullifies the Nce102 Mutant
Rescue-Nce102 has been implicated to affect a variety of cellular process, primarily because of its role in directly regulating the activities of two membrane-associated protein kinases: Pkh1 and Pkh2. These paralogous kinases are implicated in endocytosis (11) , maintenance of yeast cell wall integrity (19) , and eisosome organization (20) . The candidate role of Nce102 in endocytosis may relate to the mechanism of uptake of exogenous heme. To address this putative link, we tested whether deletion of END3, important for cellular endocytosis (21, 22) , would affect the Nce102 suppressor activity. The respiratory growth observed in hem15⌬ cells harboring the Nce102 suppressor allele was impaired in the absence of End3 (Fig. 6A) . However, respiratory growth persisted in hem15⌬ cells containing the HRG-4 heme permease in the absence of End3. Thus, we conclude that the mode of suppression between the Nce102-mediated and HRG-4-mediated rescue of hem15⌬ is different.
A variety of nutrient transporters associate with eisosomes in yeast. The arginine/proton symporter Can1, the uracil/proton symporter Fur4, and tryptophan permease Tat2 localize with eisosomes in WT cells (14) . The abundance of Fur4 at the plasma membrane is modulated by its substrate availability (23) and the plasma membrane potential (14) . Dissipation of the membrane potential with an uncoupler or impairment to the respiratory capacity of mitochondria results in rapid movement of the symporters out of eisomes, whereas the Sur7 component of eisosomes remains in the membrane foci (14) . The movement of Fur4 out of eisosomes leads to internalization and degradation. We tested whether the eisosomal localization of Fur4 was altered in cells harboring the Nce102 suppressor mutants. Fur4 was expressed as a Fur4-GFP fusion protein in hem1⌬ cells containing either WT Nce102 or the Nce102 A125E suppressor (Fig. 6B) . Whereas Fur4 is seen in plasma membrane foci in WT cells, it is internalized in hem1⌬ cells propagated with exogenous hemin. Fur4 was also internalized in hem1⌬ cells harboring the Nce102 suppressor. Thus, despite the suppressor cells exhibiting oxidative growth, the mutant Nce102 fails to retain Fur4 within eisosomes. The Nce102 suppressor enables heme uptake to the mitochondrial compartment yet fails to maintain eisosomal retention of nutrient transporters.
Discussion
The heme biosynthetic pathway in eukaryotes is coupled to the trafficking of its biosynthetic intermediates. This process is coordinately complex, involving no less than eight enzymes, the mitochondria, the cytosol, and the necessary transmembrane transport mechanisms of heme intermediates, and finally the distribution of the product (heme) to their targets (4). We discovered that a synthetic lesion in this biosynthetic pathway, created by a deletion of the genes for either the enzymes ferrochelatase (Hem15) or ALA synthase (Hem1) in yeast, results in a respiratory growth defect when the cells are grown in the presence of exogenous hemin. This respiratory defect appears to arise from a deficiency in the delivery of exogenous hemin to the mitochondria for use in assembly of respiratory complexes. This inefficiency is consistent with the fact that, unlike bona fide heme auxotrophs such as C. elegans, S. cerevisiae lacks an identified heme import mechanism.
The cellular heme deficiency in hem1⌬ and hem15⌬ cells cultured in exogenous heme was demonstrated by quantifying mitochondrial heme and by measuring Hap1 reporter ␤-galactosidase activity, with the latter a readout for heme levels in the cytosol (18, 24) . Increasing cytosolic heme levels by expression of the heterologous HRG-4 heme permease restored respiratory growth, suggesting that mitochondrial function can be maintained by increasing, even by artificial means, cytosolic heme levels.
We demonstrate presently that mitochondrial function can also be restored in hem15⌬ or hem1⌬ cells in the presence of Nce102 mutations containing either A125E or G22R substitutions in transmembrane helices. Unlike the rescue mediated by the heterologous HRG-4, we presume that Nce102-mediated suppression exploits specific endogenous trafficking pathway(s) to bypass the heme limitation defect. Cells with the Nce102 suppressor allele possessed higher CcO activity compared with cells with HRG-4, even though the latter cells contained higher steady-state levels of hemin in the cytosol.
Nce102 was originally defined as being involved in NCE (nonclassical export) pathway for protein secretion (25) but more recently as a component of plasma membrane eisosome structures (10) . The mutant Nce102-mediated restoration of mitochondrial function in hem15⌬ or hem1⌬ cells cultured in exogenous heme is suggestive of an endocytic pathway of heme uptake, similar to the mechanism proposed for the internalization of ferric siderophore in S. cerevisiae (26, 27) . We showed that depletion of End3, which is required for an internalization step in endocytosis, abolished suppression in the hem15⌬ suppressor mutant. Furthermore, deletion of END3 had less of an effect in hem15⌬ cells containing the HRG-4 permease. Endo- cytosis is a significant mechanism for the uptake of small molecules such as vitamin B 12 from the extracellular environment, so heme uptake may follow a similar path. However, the distribution of internalized heme within the cell is unknown. The enhanced efficiency of heme restoration of mitochondrial function when acquired via Nce102 suppressor cells relative to HRG-4-containing cells may suggest a direct transfer of endocytic heme to mitochondria rather than being routed as free heme through the cytoplasmic compartment.
Nce102 is a component of the yeast plasma membrane compartment designated as eisosomes or MCC (10) . This compartment has structural components Pil1, Lsp1, and Sur7 and associates with numerous nutrient permeases including Can1, Fur4, Tat2, and Hup1, as well as regulatory components (10 -12, 28) . The mutations in Nce102 did not alter its eisosomal localization. However, the localization of wild-type Nce102 in cells lacking Hem1 or Hem15 is unclear. The abundance of Nce102 is attenuated in hem15⌬ cells, and eisosomal function is impaired. The colocalization of nutrient permeases with eisosomes is impaired in cells with dysfunctional mitochondria (11) . Although the mutant Nce102 resides within eisosome structures, it fails to retain Fur4-GFP within eisosomes on the plasma membrane. We postulate that another unidentified transporter mediating heme uptake also translocates out of eisosome furrows like Fur4 and is endocytosed with heme as cargo leading to heme internalization.
Heme is synthesized on the inner membrane ferrochelatase (2) , and as such, heme is trafficked out of mitochondria by poorly understood pathways. We show that heme import into the mitochondria can also occur. Unlike yeast, however, hemeauxotrophs such as worms are dependent on this process of mitochondrial heme import to support respiration. The HRG-4 permease is responsible for bringing heme into cells in worms, but nothing is known regarding how that heme is imported into the mitochondria. Likewise, human cells have a HRG-4 ortholog HRG-1 that resides within endocytic vesicles and facilitates heme import into the cytoplasm (16, 29) . HRG-1 is known to mediate heme transport from phagolysosomes of macrophages to the cytoplasm compartment during erythrophagocytosis in a process of iron recycling (30) . Because HRG-1 is ubiquitously expressed, it remains unresolved whether heme imported via endosomal HRG-1 in other cells is available as a cofactor in the cytoplasm or mitochondria.
It remains unclear whether labile heme pools or a heme reservoir exists for ready mobilization. Heme trafficking to the mitochondria may be significant in certain cell physiological conditions. Endosomal routing of heme may occur in a direct interorganellar transfer from endosomes to mitochondria as has been described for iron (31) . Mitochondrial import would necessitate passage across the ion impervious inner membrane. That may be accomplished by a promiscuous transporter or carrier. Future research is needed to address the transport process.
Experimental Procedures
Yeast Strains and Vectors-All S. cerevisiae strains used in this study were W303 (Mat a or Mat␣ ura3-1 ade2-1 trp1-1  his3-11,15 leu2-3,112) . Deletion strains hem1⌬ and hem15⌬ were constructed by homologous recombination using either HIS3MX6 or the Candida albicans URA3 disruption cassettes; end3⌬ and nce102⌬ using HIS3MX6 (32) . Strains bearing the nce102 point mutations in HEM15 WT background were isolated by crossing hem15⌬ nce102 suppressor strains with WT and isolating spores with the nce102 suppressor alleles and WT HEM15. Construction of the hem1⌬ strain bearing the nce102 suppressor allele was generated by deleting the HEM1 in the nce102 suppressor background. The Nce102 (A125E)-GFP strain was constructed by amplifying the 3Ј region of NCE102 that had been fused to a GFP tag containing a HIS3MX6 marker (a kind gift from Tobias Walther). We designed the primers to anneal adjacent to the suppression mutation (NCE102_inter 379, 5Ј-CTCTACTTCTCTTGTGCCATC-3Ј) and 140 bp of downstream of NCE102 ORF (NCE102_dn 140, 5Ј-CCGAAA-GACGGAAAGGGATG-3Ј). The resulting PCR product was transformed into hem15⌬ and hem15⌬ suppressor to generate hem15⌬ NCE102-GFP and hem15⌬ NCE102 (A125E)-GFP, respectively. All deletion and tagged strains were confirmed by PCR analysis of the locus.
The NCE102 ORF of WT and mutant allele were amplified by PCR and incorporated into pRS424 vector containing MET25 promoter and CYC1 terminator to generate pNCE102 WT and pNCE102 A125E, respectively. The plasmid pCeHRG-4 was a kind gift from Dr. Iqbal Hamza. The pCYC1-lacZ was a kind gift from Dr. L. Zhang. All strains were grown either in yeast peptone medium or synthetic complete medium lacking the amino acid(s) necessary to maintain plasmid selection with either 2% galactose or 2% glycerol/lactate as the carbon source. For heme auxotrophic strains, 20 M hemin was added to the medium or to a prescribed concentration. Yeast strains were transformed using lithium acetate with DMSO (33) .
Mitochondria Isolation-Intact mitochondria were isolated using previously described methods of Glick and Pon (34) and Diekert et al. (35) . For experiments requiring HPLC quantification of heme in the mitochondria, we ensured removal of any exogenous hemin that were adventitiously bound to the cell surface (to prevent carry over to mitochondria) by several washes of cells using the 100 mM Tris buffer, pH 9.4, with 10 mM DTT. For some experiments, isolated mitochondria were further purified using ultracentrifugation through a Histodenz (Sigma-Aldrich) step gradient (14 and 22%). Total mitochondrial protein was quantified using either the Bradford (36) or the bicinchoninic acid assays (37) .
Immunoblotting-Steady-state levels of mitochondrial proteins were analyzed using the NuPAGE Bis-Tris Gel system (Thermo Fisher) using MES as the buffer system. Proteins were subsequently transferred to nitrocellulose membrane and probed using the indicated primary antibodies and visualized using ECL reagents with horseradish peroxidase-conjugated secondary antibodies. Primary antibodies were obtained from the following: anti-HA was from Rockland, and anti-Cox2, antiCox1, and anti-Porin were from Mitoscience. Anti-Rip1, antiCob, and anti-Cyt1 were provided by Dr. Vincenzo Zara, and anti-Cyb2 was from Dr. Carla Koehler.
␤-Galactosidase Heme Reporter Assay-A heme-responsive ␤-galactosidase reporter plasmid that is under the control of the CYC1 promoter (pCYC1-lacZ fusion) was obtained from Dr. L. Zhang. The cells were transformed with pCYC1-lacZ plasmid or cotransformed with pCYC1-lacZ ϩ pCeHRG-4 plasmids. Cells were grown to early to mid-log phase in the appropriate synthetic complete auxotrophic medium supplemented with 2% raffinose. ␤-Galactosidase was assayed as described (18, 24) .
Microscopy-For fluorescence microscopy, Nce102-GFP tagged yeast cells were grown overnight to early to mid-log phase (A 600 nm ϭ 0.6 -1) and mounted on polylysine-coated slides and analyzed on an Olympus BX51 microscope. For confocal microscopy, yeast cells were grown to early to mid-log phase and mounted on chambered microscope slides. Fluorescent images were obtained on a Nikon A1 at the University of Utah Core Facility. Fur4-GFP fluorescence microscopy was conducted on deconvolution microscope from Delta Vision (Applied Precision, Issaquah, WA).
Respiratory Complex Assays-Cytochrome c oxidase activity was determined by measuring the oxidation of ferrous cytochrome c by purified mitochondria (5-10 g of protein) in 20 mM K 2 HPO 4 ϩ 0.5% Tween 20 (38) . The oxidation of ferrous cytochrome c was measured spectrophotometrically at 550 nm.
Heme Analysis-Mitochondrial heme was quantified in two ways. To quantify respiratory complex hemes b, c, and a, 0.75-1 mg of purified mitochondria were pelleted at 17,000 ϫ g and solubilized in 400 l of 10 mM Tris, pH 7.2, containing either 1% digitonin or 5% Triton X-100. Unsolubilized material was pelleted at 17,000 ϫ g, and the supernatant was analyzed on a HP-8453 spectrophotometer.
Second, total mitochondrial hemes b and PPIX were analyzed using a modified version of the acid-acetone extraction of hemes and subsequent analysis using C18 reverse phase HPLC (39) . Briefly, 0.75-1 mg of purified mitochondria were pelleted as above and resuspended in 100 -200 l of acetone, 2.5% HCl solution. The volume of the solution was minimized to ϳ10 -20 l using a vacuum centrifuge and resuspended in 200 l of HPLC starting buffer A (25% acetonitrile ϩ 0.1% TFA). Insoluble material was clarified using a second centrifugation, and the supernatant was applied to a SunFire C18 column (4.6 mm ϫ 150 mm) and eluted at 1 ml/min using a 25-50% gradient for the first 4 ml and 50 -75% for the 22 ml. Elution of heme and PPIX were monitored at 400 nm.
Deep Sequencing-To identify mutations in the hem15⌬ suppressors, we submitted genomic DNA for Illumina high throughput sequencing (HiSeq, single read) to the High Throughput Genomics Core Facility at the University of Utah. Cell pellet (from 50-ml cultures at A 600 nm ϭ ϳ1) was pretreated with lyticase in the resuspension buffer (20 
